ABSTRACT: Astrocyte end-feet ensheathe blood vessels in the brain and are believed to provide structural integrity to the cerebral vasculature. We sought to determine in developing infants whether the coverage of blood vessels by astrocyte end-feet is decreased in germinal matrix (GM) compared with cerebral cortex and white matter (WM), which may cause fragility of the GM vasculature. Therefore, we evaluated the perivascular coverage by astrocyte endfeet in these areas. We double-labeled the brain sections with astroglial markers [glial fibrillary acidic protein (GFAP), aquaporin-4 (AQP4), and S-100␤] and a vascular marker, laminin. Perivascular coverage by GFAPϩ astrocyte end-feet increased consistently as a function of gestational age (GA) in cortex and WM from 19 to 40 wk. Compared with GFAP, AQP4ϩ astrocyte end-feet developed at an earlier GA, ensheathing about 63% of blood vessels for 23-40 wk in cortex, WM, and GM. Coverage by GFAPϩ perivascular end-feet was decreased in GM compared with cortex and WM from 23 to 34 wk. There was no difference in the coverage by AQP4ϩ end-feet among the three areas in these infants. The expression of AQP4, a water channel molecule, in the astrocyte end-feet was not significantly different between premature and mature infants, suggesting similar risk of brain edema in preterm and term infants in pathologic conditions. More importantly, the lesser degree of GFAP expression in astrocyte end-feet of GM compared with cortex and WM may reflect a cytoskeletal structural difference that contributes to the fragility of GM vasculature and propensity to hemorrhage. 
G erminal matrix hemorrhage (GMH)-intraventricular hem-
orrhage (IVH) is a major problem of premature infants because a large number of these babies develop cerebral palsy, hydrocephalus, and mental retardation (1, 2) . The GM located in the thalamostriate groove beneath the ependyma is an undifferentiated collection of glial and neuronal precursor cells with rich vascular network, present until late gestation. Premature infants primarily bleed into the GM and not into the cortex or WM, suggesting that blood vessels in the GM are fragile. Astrocyte end-feet tightly ensheathe blood vessels in the brain to form a BBB and are viewed as providers of structural integrity to the blood vessels (1) . In this study, we asked whether coverage of the blood vessels by astrocyte end-feet is decreased in the germinal matrix compared with cortex and WM, which may cause fragility of the GM vasculature.
The pathogenesis of GM vascular fragility and its vulnerability to hemorrhage is not well understood. We have shown previously that the increased vascularity and the relatively circular shape of blood vessels in the GM compared with the cerebral cortex and WM may play a role in GMH of premature infants (3) . Further, our investigation on endothelial TJ molecules of the BBB has also shown that the primary TJ molecules including claudin-5, occludin, and junction adhesion molecule-1 are not decreased in GM compared with cortex and WM and, thus, are unlikely to play a role in GM fragility (4) . Therefore, an evaluation of astrocyte end-feet, another component of the BBB, may be critical to understanding the reason of GM fragility.
Development of the BBB in the GM has been studied in baboon and beagle pup models at the developmental stage, during which premature infants develop GMH (5, 6) . In human fetuses, it has been observed that perivascular coverage by astrocyte end-feet in cortical plate is greater at 18 wk compared with 12 wk GA (7) . In adult humans, electron microscopy revealed that 80% of the vascular endothelium-pericyte layer is invested by astrocyte end-feet (8) . However, there is no systematic human data in the literature on blood vessel coverage by astrocyte end-feet in GM compared with cortex and WM in premature infants. Therefore, we have sought to determine the perivascular coverage by astrocyte end-feet in the GM compared with cortex and WM from 16 to 40 wk GA. In addition, we have examined whether there is a correlation between extent of perivascular coverage by glial end-feet and dimensions of the blood vessels including length, breadth, and perimeter.
For this purpose, we have used three well-known markers of astrocyte end-feet: GFAP, AQP4, and S-100␤. GFAP, an intermediate filament protein, is exclusively expressed in glial cells (9) . AQP4 expression is highly polarized and most immunoreactivity is present in the astrocyte end-feet in direct contact with capillaries (10, 11) . Finally, S-100␤, a soluble calcium-binding protein, is found mainly in astroglial cells and has been widely used as a specific marker of glial cells (12) .
MATERIALS AND METHODS
The Institutional Review Board at New York Medical College, Valhalla, NY, approved the use of human autopsy materials for this study. Study material included autopsy brain samples from premature infants 23-40 wk and spontaneous abortuses 16 -22 wk. Only autopsy samples of Ͻ18-h postmortem interval were used. Infants with major congenital anomalies, chromosomal defects, culture-proven sepsis, meningitis, or hypoxic-ischemic encephalopathy and infants receiving extracorporeal membrane oxygenator treatment were excluded. Informed consent was obtained for autopsy.
Tissue collection and processing. Brain samples were obtained as 1-2-mm-thick coronal blocks by sectioning through frontal cortex (cortical plate), frontal WM (embryonic intermediate layer), and GM in the region of the thalamostriate groove and at the level of foramen of Monro. Samples were fixed in 4% paraformaldehyde in 0.01 M PBS for 18 h then cryoprotected by immersion into 20% sucrose in 0.01 M PBS for 24 h. Frozen coronal blocks were cut into 20-m sections.
Immunohistochemistry. Primary antibodies included rabbit polyclonal aquaporin-4 (Santa Cruz Biochemicals, Santa Cruz, CA; 1:200), mouse monoclonal GFAP (Sigma Chemical Co., St. Louis, MO; 1:500), rabbit polyclonal anti-human S-100␤ (DAKO, Carpinteria, CA; 1:200), mouse monoclonal laminin (Sigma Chemical Co.; 1:1000), and rabbit polyclonal laminin (Sigma Chemical Co.; 1:1000). Secondary antibodies were Cy-5 conjugate goat-anti-mouse, rhodamine conjugate goat-anti-rabbit, and cy-5 conjugate goat-anti-rabbit (Jackson Immunoresearch, West Grove, PA). To co-localize the expression of aquaporin-4, GFAP, and S-100␤ in relation to vascular basal lamina, we double-labeled the sections using a combination of rabbit polyclonal AQP4 or S-100␤ with mouse monoclonal laminin and mouse monoclonal GFAP with rabbit polyclonal laminin. Sections were initially incubated with 5% normal goat serum and 0.2% TritonX-100 in PBS for 2 h at room temperature, then incubated overnight at 4°C with primary antibodies diluted in 0.2% Triton X-100 in PBS. Finally, after washes in PBS, sections were incubated in secondary antibody for 2 h at room temperature. Subsequently, sections were mounted with Slow-Fade Light-Antifade (Molecular Probes, Eugene, OR). Controls were made by replacing primary antibodies with 0.2% Triton X-100 in PBS.
Confocal microscopy and image analysis. For each brain, three to five coronal sections were selected as every 10th section. For each section, five images were acquired from each area-GM, cortex, and WM. We acquired a total of 45-75 images (3-5 sections ϫ 3 areas ϫ 5 images) per brain for each astrocyte marker, yielding 2754, 2832, and 1,732 blood vessels with GFAP, AQP4, and S-100␤ immunostaining, respectively. Sections were examined under confocal laser-scanning microscope (MRC-1024ES; Bio-Rad, Hemel Hempstead, UK) using a 60ϫ objective. Two-dimensional images were acquired and analyzed for the overlapping of the perimeter of blood vessels and astrocyte end-feet. AQP4, GFAP, or S-100␤ labeled the end-feet and laminin stained the vascular basal lamina. Because sections were double labeled, blood vessels stained with anti-laminin were seen in blue (cy5 florescent probe) and astrocytes stained with GFAP, AQP4, or S-100␤ in red (rhodamine florescent probe). Metamorph version-6.1 software (Universal Imaging Corporation, Downington, PA) was used for analysis. The two sources of image, astrocyte (red) and laminin (blue), were displayed on the Metamorph screen. Both sources of images were thresholded. "Region tool" in the software was then used to define and select the outer margin of the blood vessel under consideration. The software then measured this delineated area in pixels and calculated the percentage overlap (co-localization) of red (astrocyte) over blue signal (blood vessel). Thus, each blood vessel margin in every image was individually selected to evaluate overlap with the astrocyte end-feet. The blood vessels dimensions were measured separately in the laminin immunostained images to assess possible correlation between perivascular coverage and blood vessel dimensions.
Length, breadth, and perimeter of blood vessels were defined as follows: length ϭ span of the longest chord through blood vessel; breadth ϭ caliber width of object perpendicular to the longest chord; perimeter ϭ distance around edge of blood vessel measuring from points of each pixel that defines the border.
Statistics and analysis.
Percentage perivascular coverage by AQP4, GFAP, and S-100␤ϩ end-feet was studied as a function of GA. Infants were stratified into five GA categories based on viability and maturity: 16 -18, 19 -22, 23-26, 27-34, and 35-40 wk. Mean perivascular coverage was compared between GM, cortex, and WM and across GA categories. We used Mann-Whitney test for paired comparisons and ANOVA for comparisons across GA categories. A value of p Ͻ 0.05 was considered significant.
To study the relationship between percentage perivascular coverage and blood vessel dimensions, we performed linear regression analysis for the independent variable, percentage co-localization, and dependent variables, length, breadth, and perimeter, and calculated R 2 .
RESULTS
Characteristics of subjects are depicted in Table 1 . The subjects were divided into five GA categories, including previable [16 -19 ( Immunoreactivity of GFAP, AQP-4, and S-100␤. Sections stained without primary antibodies or without secondary antibodies (negative control) showed total absence of labeling (data not shown) (Fig. 1) . GFAP, an intermediate filament protein, is exclusively expressed in astrocytes (13) . GFAP immunolabeling of 20-sections from term infant brain showed numerous stellate astrocytes with multiple radiating processes, some extending to the wall of nearby vessels as end-feet. Aquaporins are water channel proteins, expressed in the cell membrane, and AQP4, in particular, is predominantly expressed in high concentration in the astrocyte end-feet (10, 14) . AQP4 immunostaining of brain sections from term infants revealed intense staining of astrocyte end-feet almost entirely outlining the blood vessel. It also stained the plasma membrane of the astrocyte cell body, but not the cytoplasm. Immunoreactivity of astrocyte processes was noted in places.
Immunostaining of S-100␤, which is a cytosolic calciumbinding protein (12) , revealed intensely stained astrocyte cell bodies and end-feet but weakly stained processes.
Comparing immunoreactivities for GFAP with AQP4 and S-100␤ in term infant brains revealed remarkable colocalization of all three antibodies, but there were differences. Anti-GFAP equally stained the cell body, processes, and end-feet of astrocytes. In contrast, anti-AQP4 labeled astrocyte end-feet and membrane of the cell body with only patchy staining of processes. S-100␤ antibody intensely stained the cell body and end-feet of astrocytes but labeled few processes.
Astrocyte end-feet in fetuses. Figure 2 depicts extensive GFAPϩ radial glial processes in cortex, WM, and GM, with only few astrocyte bodies and end-feet. In contrast, AQP4ϩ astrocyte bodies, processes, and end-feet were scarce in cortex and WM, whereas relatively well-developed end-feet and glia limitans were seen in GM. S-100␤ϩ astrocyte cell bodies with few thin processes and rare end-feet are seen in cortex, WM, and GM.
Astrocyte end-feet in premature and mature infants. In premature infants, GFAP labels astrocyte cell bodies, processes, and end-feet extensively in cortex and WM (Figs. 3-5). However, in GM, GFAP labels radial glia and fibrous/ intermediate astrocytes with only few processes and end-feet. With advancing GA, GFAPϩ end-feet coverage increased, with more mature-looking astrocytes in WM and cortex. Unlike GFAP, AQP4 staining showed strongly stained endfeet in cortex, WM, and GM. AQP4 also stained plasma membrane of the cell body, ependyma-attached radial glia, and ependyma. S-100␤ labeling showed intense staining of astrocyte cell bodies and ependyma-attached radial glia but only few thin processes and end-feet. Perivascular coverage by S-100␤ϩ end-feet appears decreased in GM compared with cortex and WM.
In mature infants, GFAP stains stellate astrocytes, processes, and end-feet widely covering blood vessels in cortex and WM. AQP4 stains end-feet intensely in cortex and WM, with only few processes. S-100␤ labels end-feet sparsely covering blood vessels, with intense staining of astrocyte cell bodies.
Quantification of perivascular coverage by GFAP؉ endfeet. GFAPϩ end-feet coverage increased consistently with GA in cortex and WM from 19 to 40 wk (p Ͻ 0.001) (Fig. 6a) . In contrast, in GM, it increased only between 19 -22 and 23-26 wk (p Ͻ 0.05). There was no significant difference in GFAPϩ end-feet coverage among GM, cortex, and WM for fetuses 16 -22 wk, but there was decreased coverage in GM compared with cortex and WM in premature infants, Coronal sections of the brain stained with anti-GFAP (blue) and anti-AQP4 (red) antibodies. Anti-GFAP stains stellate astrocytes (arrow), processes, and end-feet (arrowhead) equally, whereas anti-AQP4 labels astrocyte end-feet (arrowhead) almost continuously around the blood vessels. AQP4 immunoreactivity is also seen in the membrane of cell bodies of the astrocyte (arrow). The merge image shows remarkable co-localization of GFAP and AQP4, but differences include that AQP4 labels predominantly the end-feet and GFAP stains cell bodies, processes, and end-feet equally. (Lower panel) GFAP with S-100␤: Coronal sections of the brain stained with anti-GFAP (blue) and anti-S100␤ (red) antibodies. Compared with GFAP immunostaining, S-100␤ antibody intensely stains the cell bodies of astrocyte and end-feet whereas labeling of fine astrocyte processes is weak. Scale bar ϭ 25 . (Fig. 6b) . In cortex and WM, it increased consistently from Ͻ5% at 16 -18 wk to about 63% by 23-26 wk (p Ͻ 0.001) then plateaued. Percentage coverage was significantly greater in GM than cortex and WM in fetuses, 16 -18 and 19 -22 wk (p Ͻ 0.001). However, there was no significant difference in premature infants (23-26 and 27-34 wk). In term infants, coverage was greater in WM than in cortex (72.4 Ϯ 1.2 versus 61.2 Ϯ 1.4; p Ͻ 0.001).
GFAP-negative end-feet. GFAPϩ end-feet were significantly decreased in GM (p Ͻ 0.001) and were about half of AQP4ϩ end-feet for 19 -40 wk. Likewise, GFAPϩ end-feet were significantly fewer than AQP4ϩ end-feet in cortex and WM for 19 -40 wk (p Ͻ 0.05). This implies that about 50% of end-feet in GM are GFAP-negative and some end-feet are also GFAP-negative in cortex and WM.
Quantification of perivascular coverage of S-100␤؉ endfeet. In GM, S-100␤ϩ perivascular coverage increased between 16 -18 and 19 -22 wk (p Ͻ 0.05), then plateaued (Fig.  6 c) . However, in cortex and WM, coverage increased with GA 19-40 wk (p Ͻ 0.001), and no significant change was noted between 16 -18 and 19 -22 wk. S-100␤ϩ coverage was decreased in GM compared with cortex and WM for premature infants 23-34 wk (p Ͻ 0.001). In term infants, coverage was about 35%, similar between cortex and WM.
Correlation between percent coverage and vessel dimensions. Linear regression analysis was performed. R 2 values approached zero for all three dependent variables for each marker, indicating no definite relationship between blood vessel dimensions and their coverage by astrocyte end-feet.
DISCUSSION
The present study evaluated perivascular coverage by astrocyte end-feet in GM, cortex, and WM in fetuses and premature infants 16 -40 wk. We found that coverage by GFAPϩ end-feet was decreased in GM compared with cortex and WM in premature infants 23-34 wk. However, there was no significant difference in perivascular coverage by AQP4ϩ end-feet in GM, cortex, and WM among these subjects.
We used three immunohistochemical markers, GFAP, AQP4, and S-100␤, to identify astrocyte end-feet and laminin to label vascular basement membrane. These markers have been widely used as specific glial and vascular markers (3, 12, 13, 15, 16) . We observed consistent and strong immunohistochemical staining with minimal background using these antibodies in coronal sections of the brain tissues. We did not use vimentin (type-III intermediate filament) as one of the immunohistochemical markers for astrocytes because it is not spe- 
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cific for astrocytes and is also expressed by endothelial cells, pericytes, and leukocytes (cells of mesenchymal origin) (17) . We used confocal microscopy to acquire 45-75 sets of twodimensional images per brain for each glial marker in 19 subjects 16 -40 wk GA. Thus, we analyzed a large number of high-resolution images to evaluate astrocyte end-feet in the brain of fetuses and premature and mature infants. In describing our observations, we used the term WM synonymously with the intermediate zone embryonic WM and cortex for the cortical plate for subjects 16 -40 wk GA for the sake of simplicity and uniformity of presentation.
The most important and novel observation made in this study was that perivascular coverage by GFAPϩ end-feet was decreased in GM compared with cortex and WM for premature infants 23-34 wk GA, whereas there was no difference in coverage by AQP4ϩ astrocyte end-feet among GM, cortex, and WM for these infants. This implies that astrocyte end-feet are formed in GM as in cortex and WM, but are developmentally distinct with relative lack of GFAP expression. They also lack S-100␤, but GFAP is particularly important because it is a major cytoskeletal protein forming the intermediate filament of astrocytes. Several lines of evidence suggest that GFAP functions by providing shape and mechanical strength to astrocytes, including their end-feet. First, studies on GFAP deficient mice have revealed that their BBB is structurally and functionally impaired (18) . Second, morphologic and metabolic studies indicate that an increase in GFAP accompanies differentiation of polygonal astroblasts into stellate astrocytes with multiple processes, which appear to provide structural integrity to astrocyte, processes, and end-feet (19, 20) . Third, a biochemical hallmark of gliosis is up-regulation of GFAP, which constitutes the structural support of intermediate filament in differentiated astrocytes (21) . Fourth, effects of steroid on GFAP in the GM are unknown, but corticosteroids upregulate GFAP in vitro (22, 23) ; and prenatal steroids are known to decrease the incidence of IVH (24). Therefore, it is plausible that a decrease in GFAPϩ expression in astrocytes of GM (compared with cortex or WM) may cause the fragility of the GM vasculature and its increased propensity for hemorrhage.
It has been reported that GFAPϩ glial cells appear and mature in different areas of the CNS at varied periods of gestation. GFAP staining of the brain of fetal baboon of 100 d GA revealed no GFAPϩ astrocytes or processes in the GM, whereas stellate-shaped astrocytes and perivascular end-feet were observed in the WM and cortex (5) . In humans, GFAPϩ glial cells start at 9 wk in the spinal cord, 14 wk in internal capsule and thalamus, and 14 -19 wk in the ependyma of the frontal cortex (9, (25) (26) (27) . GFAPϩ end-feet in cerebral hemisphere and brain stem are noted from 14 wk versus 17 wk in GM (9) . Consistent with these findings, we also observed few GFAPϩ end-feet and glial fibers in GM at 16 -17 wk. There is no systematic data on the quantification of GFAPϩ astrocyte end-feet in premature infants in GM compared with cortex and WM, and this is the first report on decreased expression of GFAP in astrocyte end-feet of GM compared with cortex and WM.
Another key finding of the present study is the first demonstration of the expression of water channel molecule, AQP4, in the BBB of GM, cortex, and WM of fetuses and premature and mature infants. We observed that vascular coverage by AQP4ϩ end-feet in GM increased from 1.3% at 16 wk to 53% at 18 -19 wk and 63.7% at 20 -22 wk GA, followed by plateauing, whereas in cortex and WM, it increased from Ͻ5% at 16 -18 wk to 63% by 23-26 wk GA, followed by plateauing. In addition, there was no significant difference in percent coverage of blood vessels by AQP4ϩ end-feet in GM compared with cortex and WM for premature infants 23-34 wk GA. Our findings appear to be consistent with rat experiments, in which Western blot analysis of membrane fraction of whole brain showed no labeling for AQP4 at 14 -21 d gestation, weak labeling at postnatal d 1, 2% of adult level at postnatal d 7, and 63% at postnatal d 28 (28) . AQP4 is viewed as the prime mediator of transmembrane transport in CNS and is strategically located predominantly in astrocyte end-feet and ependyma to promote water exchange between 
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blood and CSF (29) . AQP4 plays a role in pathophysiologic conditions, as shown by reduced edema formation after water intoxication and after focal cerebral ischemia in AQP4ϩ knock-out mice (30) . Hence, our finding of no significant difference in AQP4ϩ end-feet in premature and mature infants 23-40 wk GA suggests that preterm and term infants may be at equal risk of brain edema in pathologic conditions. In addition, early development of AQP4 molecules points toward the existence of a close relationship between water transport regulation and brain development.
The pathogenesis of GMH-IVH is not well understood. However, our finding of decreased expression of the cytoskeletal protein GFAP in astrocyte end-feet along the vasculature of the GM compared with cortex or WM for premature infants 23-34 wk GA is consistent with a cytostructural difference that may ultimately prove responsible for the fragility of the GM vasculature. Additional investigation in the animal model of IVH involving manipulation of GFAP level is needed to further confirm the role of GFAP expression in astrocyte end-feet to provide structural integrity to the GM vasculature and prevent GMH-IVH. Furthermore, an evaluation of other components of the BBB including pericytes and basal lamina may also unravel the mysteries related to the GM vascular fragility.
